Paget's disease (PD) is characterized by focal and dramatic bone resorption and formation. Treatments that target osteoclasts (OCLs) block both pagetic bone resorption and formation; therefore, PD offers key insights into mechanisms that couple bone resorption and formation. Here, we evaluated OCLs from 3 patients with PD and determined that measles virus nucleocapsid protein (MVNP) was expressed in 70% of these OCLs. Moreover, transgenic mice with OCL-specific expression of MVNP (MVNP mice) developed PD-like bone lesions that required MVNP-dependent induction of high IL-6 expression levels in OCLs. In contrast, mice harboring a knockin of p62 P394L (p62-KI mice), which is the most frequent PD-associated mutation, exhibited increased bone resorption, but not formation. Evaluation of OCLs from MVNP, p62-KI, and WT mice revealed increased IGF1 expression in MVNP-expressing OCLs that resulted from the high IL-6 expression levels in these cells. IL-6, in turn, increased the expression of coupling factors, specifically ephrinB2 on OCLs and EphB4 on osteoblasts (OBs). IGF1 enhanced ephrinB2 expression on OCLs and OB differentiation. Importantly, ephrinB2 and IGF1 levels were increased in MVNP-expressing OCLs from patients with PD and MVNP-transduced human OCLs compared with levels detected in controls. Further, anti-IGF1 or anti-IGF1R blocked Runx2 and osteocalcin upregulation in OBs cocultured with MVNP-expressing OCLs. These results suggest that in PD, MVNP upregulates IL-6 and IGF1 in OCLs to increase ephrinB2-EphB4 […] 
Introduction
Paget's disease (PD) is the most exaggerated example of coupled bone remodeling, with highly localized areas of increased bone resorption, accompanied by exuberant new bone formation (1) . The rapid, excessive, focal new bone deposition in PD results in woven bone that is much weaker, can bow and cause bone deformity, fracture, skull thickening, bone pain, secondary osteoarthritis, and nerve root compression (2) . The primary cellular abnormality in PD resides in the osteoclast (OCL) (3) . OCLs are increased in number and size and express a pagetic phenotype that distinguishes them from normal OCLs (4), including hypermultinucleation, increased TAF12 levels (a coactivator of VDRmediated transcription), and increased 1,25-(OH) 2 D 3 and RANKL responsivity (5) (6) (7) . Further, OCLs in PD secrete high levels of IL-6, which are detectable in the marrow and peripheral blood of patients with PD (8) . OCLs drive the increased bone formation in PD, because treatment with bisphosphonates, which target OCL activity, reverses new pagetic bone formation (2) , suggesting that PD offers key insights into the process of resorption and formation coupling. However, the mechanisms responsible for the increased bone formation in PD have not been elucidated.
Genetic and environmental factors contribute to the pathogenesis of PD. The most frequent mutations linked to PD are in the SQSTM1/p62 gene, in particular p62 P392L , which is found in 30% of patients with hereditary PD and 10% of sporadic cases (9) (10) (11) . However, mutations like p62 P392L are apparently insufficient to induce PD, since some individuals harboring p62 mutations never develop the disease (10) . Further, mice with a germline p62 P394L mutation (p62-knockin [p62-KI] mice), the murine equivalent of human p62 P392L , exhibit increased OCL numbers but do not develop the markedly enhanced bone formation characteristic of PD (12) . These results suggest that genetic factors increase OCLs, but environmental or other factors are also required for the increased bone formation that occurs in PD.
We previously found that OCLs from 70% of patients with PD express the measles virus nucleocapsid protein (MVNP) gene, and transgenic mice with MVNP targeted to OCLs (MVNP mice) develop OCLs and bone lesions that are characteristic of PD (13) . Further, p62-KI mice bred with MVNP mice (p62-KI MVNP mice) develop greater numbers of pagetic-like OCLs and more dramatic bone lesions than do MVNP mice (13) . Importantly, loss of IL-6 expression in MVNP mice abrogated both the production of pagetic-like OCLs and increased bone formation in vivo (13) .
Normal bone resorption and formation are tightly linked, with bone formation occurring only at sites of previous bone resorption. This coupling of bone remodeling is dependent on communication between OCLs and osteoblasts (OBs) (14) . Eph receptor expression on OBs and ephrins on OCLs and OBs have been implicated as major regulators of coupling (15) . Ephs and ephrins are cell-surface molecules that signal bidirectionally and play major roles in tumor progression, angiogenesis, cell migration, and morphogenesis (16) . Irie et al. reported that bidirectional signaling through ephrinA2/EphA2 enhances osteoclastogenesis and suppresses OB differentiation (17) . In contrast, ephrinB and EphB Paget's disease (PD) is characterized by focal and dramatic bone resorption and formation. Treatments that target osteoclasts (OCLs) block both pagetic bone resorption and formation; therefore, PD offers key insights into mechanisms that couple bone resorption and formation. Here, we evaluated OCLs from 3 patients with PD and determined that measles virus nucleocapsid protein (MVNP) was expressed in 70% of these OCLs. Moreover, transgenic mice with OCL-specific expression of MVNP (MVNP mice) developed PD-like bone lesions that required MVNP-dependent induction of high IL-6 expression levels in OCLs. In contrast, mice harboring a knockin of p62 P394L (p62-KI mice), which is the most frequent PD-associated mutation, exhibited increased bone resorption, but not formation. Evaluation of OCLs from MVNP, p62-KI, and WT mice revealed increased IGF1 expression in MVNP-expressing OCLs that resulted from the high IL-6 expression levels in these cells. IL-6, in turn, increased the expression of coupling factors, specifically ephrinB2 on OCLs and EphB4 on osteoblasts (OBs). IGF1 enhanced ephrinB2 expression on OCLs and OB differentiation. Importantly, ephrinB2 and IGF1 levels were increased in MVNP-expressing OCLs from patients with PD and MVNP-transduced human OCLs compared with levels detected in controls. Further, anti-IGF1 or anti-IGF1R blocked Runx2 and osteocalcin upregulation in OBs cocultured with MVNP-expressing OCLs. These results suggest that in PD, MVNP upregulates IL-6 and IGF1 in OCLs to increase ephrinB2-EphB4 coupling and bone formation. Figure 1D ). We then compared ephrinB2 expression on OCLs derived from PD patients expressing MVNP and the p62 P392L mutation or only harboring the p62 P392L mutation with expression levels in OCLs from normal controls. OCLs from patients who expressed MVNP (patients 1 and 2) (Supplemental Figure 2 ) had higher ephrinB2 levels than did a PD patient harboring p62 P392L who did not express MVNP (patient 3) and normal controls (Figure 2) .
MVNP-expressing OCLs increase OB differentiation via forward signaling through EphB4. We next determined the effects of ephrinB2 or EphB4 signaling on OCLs and OBs by either stimulating EphB4 signaling in OBs from WT or MVNP mice with ephrinB2-Fc (5 μg/ml), or treating bone cell cocultures from MVNP or WT mice with EphB4-Fc, which increases reverse signaling through ephrinB2 and blocks EphB4 signaling. We found that stimulation of EphB4 with ephrinB2-Fc increased phosphorylated ERK1/2 (p-ERK1/2) signaling in OBs from MVNP mice ( Figure 3A ) and enhanced OB differentiation and calcification to a greater extent in OB cultures from MVNP mice than in cultures from WT mice ( Figure 3B ). Blocking EphB4 and stimulating reverse signaling by ephrinB2 with EphB4-Fc (5 μg/ml) inhibited both OB and OCL differentiation, as assessed by Runx2 and NFATc1 levels, respectively ( Figure 3C ). OCL formation induced by either RANKL (50 ng/ml) or 1,25-(OH) 2 D 3 (10 -8 M) treatment of CD11b + cells from WT and MVNP mice was significantly blocked by 5 to 10 μg/ml EphB4-Fc ( Figure 3D ). Further, EphB4-Fc (10 μg/ml) blocked bone resorption by OCLs cultured with RANKL or 1,25-(OH) 2 D 3 in WT and MVNP cultures ( Figure  3E ) as well as expression of c-Fos, NFATc1, TRACP, cathepsin K, and Vav3 markers of OCL differentiation in RANKL-treated OCL precursors from WT and MVNP mice ( Figure 3F ). Figure 4A ). Analysis of OCLs derived from CD11b + cells from mice of each genotype showed that ephrinB2 expression was decreased on OCLs from WT and MVNP mice lacking IL-6 ( Figure 4B ). Loss of IL-6 also decreased expression of EphB4 in OBs derived from tibia explants from MVNP and WT mice ( Figure 4C ).
IL-6 increases ephrinB2 and EphB4 expression on
Given these results, we determined whether IL-6 increased the expression of ephrinB2 on OCLs and EphB4 in OBs from WT mice. We found that IL-6 (10 ng/ml) also increased ephrinB2 expression on OCLs derived from CD11b + cells from WT mice ( Figure 4D ) as well as EphB4 expression in WT OBs ( Figure 4F ). Interestingly, IL-6 only induced ephrinB2 expression in MVNP-transduced human OCLs (Figure 4E ), suggesting that another factor induced by MVNP cooperates with IL-6 to increase ephrinB2 expression in receptors promote skeletal development (16) . Zhao and coworkers showed that bidirectional ephrinB2/EphB4 signaling regulates bone remodeling (15) , that OCLs express the NFATc1 target gene ephrinB2 and OBs express its receptor EphB4, and that transgenic mice with increased EphB4 signaling in OBs had enhanced bone mass (15) . Additionally, reverse signaling through ephrinB2 on OCLs suppresses OCL differentiation by inhibiting the c-Fos/ NFATc1 cascade (15) . Although ephrinB1 expression on OCLs also stimulates Eph signaling in OBs, ephrinB2 is specific for EphB4 (15) . EphrinB2 can also be expressed in response to parathyroid hormone (PTH) in OBs, where it interacts with EphB4 to increase OB differentiation (18, 19) . These data suggest that ephrinB2/ EphB4 signaling plays a major role in coupling bone resorption to new bone formation.
Since PD represents the most exaggerated form of coupled bone formation, we determined the expression levels of ephrins and their receptors on OCLs and OBs from MVNP, p62-KI MVNP, p62-KI, and WT mice. Only MVNP and p62-KI MVNP, but not p62-KI, mice exhibited elevated levels of ephrinB2 on OCLs and EphB4 on OBs compared with expression levels detected in WT mice. A preliminary gene expression-profiling study of highly purified OCLs from MVNP, p62-KI, and WT mice showed that OCLs from MVNP mice expressed elevated levels of Igf1 mRNA compared with WT mice, while OCLs from p62-KI mice did not. We further found that IL-6 regulated the increased expression of IGF1 protein in OCLs from MVNP mice, and IL-6 and IGF1, in turn, increased the expression of ephrinB2 on OCLs. IL-6 also increased EphB4 on OBs, while IGF1 enhanced OB differentiation.
Results
EphrinB2 and EphB4 levels are increased in bone extracts and in isolated OCLs and OBs, respectively, from MVNP mice. To determine the basis for the OCL-driven increase in bone formation found in MVNP, but not p62-KI, mice, we tested total bone extracts as well as isolated OCLs and OBs from WT, MVNP, and p62-KI mice for the expression of known coupling factors that link OCL activity to bone formation. We found that total bone lysates from MVNP, but not p62-KI, mice had increased expression of ephrinB2 and EphB4 ( Figure 1A ). The increased ephrinB2 and EphB4 levels were only detectable in MVNP mice older than 6 months ( Figure 1B ), consistent with our findings that pagetic-like lesions are undetectable in these mice until 8 to 12 months of age. In contrast, expression levels of other proteins implicated in coupling were unchanged, including several other ephrin and Eph subtypes ( Figure 1A ) and neuropilin 1 (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI82012DS1) in bones from MVNP and p62-KI mice compared with those from WT mice. Semaphorin 3A was increased in OCLs and OBs from both p62-KI and MVNP mice (Supplemental Figure 1) , suggesting that it was not responsible for the increased bone formation in MVNP mice. Further, vertebral sections from 12-month-old mice were processed for IHC, which showed that ephrinB2 expression on OCLs and EphB4 expression on OBs from MVNP mice had increased staining compared with that seen in WT and p62-KI mice (Figure 1C) . Western blot analysis of lysates from OCLs derived from CD11b + marrow cells of WT, MVNP, and p62-KI mice confirmed that ephrinB2 expression was greatly increased on OCLs derived whether other factors induced by MVNP, in addition to IL-6, were involved in the enhancement of ephrinB2 on OCLs. We performed a preliminary gene expression-profiling experiment with highly purified OCLs derived from MVNP, p62-KI, and WT OCL precursors and found that Igf1 mRNA expression was enhanced 2-fold in MVNP-expressing OCL precursors compared with those of the other genotypes (data not shown). This experiment suggested that MVNP induces IGF1 in OCL precursors.
To confirm these results, we measured IGF1 protein levels in total bone lysates from tibiae ( Figure 5A ) and OCLs formed from human OCLs. We next determined whether transgenic mice with increased IL-6 expression targeted to OCLs (TRACP-IL-6 mice) had increased ephrinB2 expression on their OCLs. OCL precursors from WT and TRACP-IL-6 mice were treated with RANKL to induce OCL differentiation, and the OCLs that formed were tested for ephrinB2 expression. We observed that OCLs derived from TRACP-IL-6 mice expressed higher levels of ephrinB2 compared with WT OCLs ( Figure 4G ).
IGF1 contributes to enhanced ephrinB2 production by OCLs. On the basis of the results shown in Figure 4E , we determined OCLs from MVNP mice clearly stained for ephrinB2 compared with OCLs from p62-KI and WT mice, which showed minimal or negative staining. OBs from MVNP mice stained positively for EphB4 compared with OBs from WT and p62-KI mice. Scoring was based on staining intensity (positive or negative) and was performed by a blinded observer. Solid arrows point to OCLs, and arrowheads point to OBs. As previously reported, marrow cells (indicated by asterisks) also stained positively for EphB4 (33) Figure 6C ). These results, taken together, suggest that IL-6, in combination with an additional factor(s) induced by MVNP, increases IGF1 in OCLs. The identity of this factor(s) is currently unknown. IGF1 induced by MVNP in OCLs enhances OB differentiation. Since OCLs from MVNP, but not p62-KI, mice produce elevated levels of IGF1 ( Figure 5, A and B) , we assessed whether the expression of IGF1 by MVNP-expressing OCLs induced OB differentiation and whether these effects were blocked by anti-IGF1 or anti-IGF1R. As shown in Figure 7A , addition of OCLs from WT or MVNP mice to OBs from WT or MVNP mice increased EphB4 and osteocalcin (OCN) levels, with a greater induction of EphB4 and OCN by OCLs derived from MVNP mice. As expected, OBs from MVNP mice expressed higher levels of EphB4 and OCN, which were further increased by coculture with OCLs from MVNP and WT mice. To determine whether the enhanced effect of OCLs from MVNP mice on OCN produced by OBs from WT or MVNP mice was mediated by IGF1, we added anti-IGF1 or anti-IGF1R to these cocultures. As shown in Figure 7B , blocking IGF1 binding to its receptor significantly decreased OCN expression by WT and MVNP mouse OBs cocultured with OCLs from MVNP mice, but not in cocultures with OCLs from WT mice. As expected, the effects of blocking IGF1 were greater in cocultures of OCLs and OBs derived from MVNP mice. Furthermore, anti-IL-6 and anti-IL-6 receptor (anti-IL-6R) inhibited OB differentiation to the same extent in MVNP-OCL and MVNP-OB cocultures ( Figure  7C ). Interestingly, we found that EphB4-Fc completely inhibited the increased OCN expression induced by MVNP OCLs. To further explore this effect of EphB4-Fc on the cocultures, we measured IL-6 and IGF1 expression in the cocultures to determine whether reverse signaling through ephrinB2 induced by EphB4-Fc decreased IL-6 and IGF1 expression in MVNP OCLs. As shown in Supplemental Figure 5 , addition of EphB4-Fc (5 μg/ ml) decreased the levels of IL-6 and IGF1 in the cocultures of OCLs and OBs from WT and MVNP mice, using the same culture conditions as in Figure 3C .
We next determined whether the effects of blocking signaling pathways known to be activated when IGF1 binds the IGF1R in human OCLs decreases both the expression of ephrinB2 and the downstream signaling pathways activated by IGF1 in OBs from WT and MVNP mice. We found that the PI3K inhibitor (LY294002) blocked ephrinB2 expression in MVNP-expressing OCLs (Supplemental Figure 3A) . OBs from MVNP mice had increased AKT and ERK activation when treated with IGF1 compared with WT OBs (Supplemental Figure 3B) , suggesting a greater IGF1 responsiveness of OBs from MVNP mice compared with those from WT mice.
CD11b
+ cells from MVNP mice ( Figure 5B ). OCLs and bones from MVNP, but not p62-KI, mice expressed increased levels of IGF1 compared with levels detected in WT mice. Immunohistochemical analysis confirmed that IGF1 expression was elevated in OCLs from MVNP mice ( Figure 5C ). We next determined whether IGF1 expression was increased in OCLs from MVNP-expressing and non-MVNP-expressing PD patients harboring p62 P392L compared with normal controls. We found that IGF1 expression was markedly increased in OCLs from MVNP-expressing patients, but not in OCLs from an MVNP-negative patient ( Figure 5D ). IGF1 was not elevated in OBs from MVNP or p62-KI mice (data not shown). We measured IGF1 levels in media conditioned by equal numbers of purified OCLs derived from WT and MVNP mice and found that the MVNP-expressing OCLs secreted approximately 1,000 pg/ml soluble IGF1 compared with the 100-200 pg/ml secreted by WT OCLs ( Figure 5E ).
We next determined whether IGF1 increased ephrinB2 and NFATc1 expression in OCLs by treating OCL precursors from WT and MVNP mice with 10 to 100 ng/ml IGF1. Treatment with 10 ng/ml IGF1 remarkably increased ephrinB2 and NFATc1 expression by MVNP-expressing OCLs, but increased only NFATc1 expression in OCLs from WT mice ( Figure 5F ). Consistent with these results, treatment of MVNP-expressing OCLs with anti-IGF1 decreased their ephrinB2 levels ( Figure 5G ). IGF1 receptor (IGF1R) expression levels were similar in WT and MVNPexpressing OCLs ( Figure 5H ).
We then examined whether IGF1 induced differentiation of OB precursors from WT and MVNP mice treated with 10 ng/ml IGF1 for 3 days. IGF1 markedly increased Runx2 expression in OBs from MVNP mice, but had modest effects on EphB4 expression in OBs from WT or MVNP mice. Further, IGF1 modestly enhanced Runx2 in WT OBs ( Figure 5I ).
IL-6 induces IGF1 expression in MVNP-expressing OCLs.
OCLs from patients with PD express high levels of IL-6 (8), and MVNP expression in OCLs induces high IL-6 expression levels that are essential for the formation of pagetic-like OCLs and bone lesions in MVNP-expressing mice (13) . However, it is unknown whether IL-6 increases IGF1 expression, which would in turn increases ephrin B2 levels in MVNP mice. We found that IL-6 treatment of OCLs derived from CD11b + OCL precursors from WT, MVNP, and p62-KI mice increased IGF1 expression in MVNP-expressing OCLs by 1.5-fold, but had no effect on IGF1 expression in WT or p62-KI OCLs ( Figure 6A ). Further, IL-6 enhanced IGF1 expression (by 2.5-fold) in MVNP-transduced, but not empty vectortransduced (EV-transduced), human OCLs ( Figure 6B) .
Next, we determined whether loss of IL-6 affects IGF1 expression in WT, MVNP, MVNP Il6 -/-, and Il6 -/-mice OCLs. Loss of IL-6 blunted, but did not completely block, the increased IGF1 expres- Figure 3 were compared with β-actin or GAPDH by densitometry. The value of the ratio obtained in lysates from untreated WT OCLs compared with β-actin or GAPDH was arbitrarily set at 1. Results for Figure 3 (except E) are representative of 3 biological replicates. 
Discussion
We previously showed that MVNP expression in OCLs induced a pagetic-like phenotype and pagetic-like bone lesions in mice (13, 20) . In contrast, mice with germline transmission of the mouse equivalent of the most frequent mutation linked to PD, p62 P394L , did not develop pagetic-like bone lesions (12, 13) . These results suggested that MVNP expression in OCLs was driving the increased local bone formation and that results from these mice should inform the factors driving increased bone formation in patients with PD. Therefore, we tested OCLs, OBs, and total bone from WT, MVNP, and p62-KI mice for expression of coupling factors such as ephrins and Ephs and demaphorin 3A (21) . As shown in Figure 1A , total bone lysates from MVNP, but not p62-KI, mice had increased expression of both ephrinB2 and EphB4. Increased ephrinB2 and EphB4 was only detectable in older MVNP mice ( Figure 1B) , consistent with our findings that pagetic lesions are undetectable in MVNP mice until 8 to 12 months of age. This delay in detectable bone lesions may reflect the time required for development of a sufficiently pagetic-like OCL mass to induce new bone formation. Immunohistochemical analysis of bones from MVNP mice confirmed that their OCLs expressed high levels of ephrinB2, while their OBs expressed its receptor EphB4 in vivo. Further, our studies with OCLs derived from CD11b + cells from WT, MVNP, p62-KI, and p62-KI MVNP mice showed that ephrinB2 was only increased in MVNP-expressing OCLs ( Figure 1E ). These data suggest that MVNP expression in OCLs, either alone or in combination with p62 P394L , but not p62 P394L alone, enhances ephrinB2 expression by OCLs and that enhanced ephrinB2/EphB4 signaling contributes to the abnormal bone formation seen in PD.
Enhanced EphB4 expression in OBs correlated with increased Runx2 expression in OBs from MVNP mice (Figure 3) . In contrast, ephrinB2 expression was not increased in OBs from MVNP mice (data not shown). The ephrinB2 signaling in OBs has been reported to enhance OB differentiation and mineralization (22) . These results suggest that in PD, MVNP expression in OCLs induces EphB4 expression on OBs to enhance OCLdriven OB activity.
To determine whether ephrinB2 was increased in PD patients, we tested OCL precursors from PD patients who harbored the p62 P392L mutation and did or did not express MVNP (12, 13, 23) . To circumvent the difficulty of obtaining marrow samples from PD patients, we assayed ephrinB2 expression in OCL precursors isolated from the peripheral blood of PD patients who we previously confirmed did or did not express MVNP in their marrow-derived OCLs and compared these OCL precursors with those from 2 age-matched controls. We previously reported that very low numbers of peripheral blood cells from MVNP-positive PD patients have detectable MVNP levels (24) . Similarly, Neale and coworkers showed that circulating OCL precursors from 
, and Il6
-/-mice were prepared as previously described (26) and analyzed for EphB4 expression. (D) CD11b + cells from WT mice were cultured with M-CSF for 3 days, treated with IL-6 for 4 days, and analyzed for ephrinB2 expression. (E) Human OCL precursors transduced with EV or MVNP, as previously described (34), were cultured with RANKL, then treated with IL-6 (10 ng/ml) for 3 days and tested for ephrinB2 expression. (F) OBs prepared as described previously (26) PD patients expressed features similar to those seen in marrowderived OCL precursors, including increased responsivity to RANKL and 1,25-(OH) 2 D 3 (25) . As we previously reported, MVNP was detectable in peripheral blood-derived OCLs from 2 patients who expressed MVNP in OCLs formed in marrow cultures and was not detectable in a PD patient who did not express MVNP (13) . We cannot determine from our experiments whether all the circulating OCL precursors in MVNP-positive PD patients express MVNP or whether only a subpopulation of these precursors express MVNP.
Only OCLs derived from p62 P392L -harboring PD patients expressing MVNP had increased levels of ephrinB2 (Figure 2) . These results are consistent with our hypothesis that ephrinB2 increases new bone formation in PD patients expressing MVNP.
We next determined whether increased expression of EphB4 by OBs from MVNP mice enhanced OB differentiation. Stimulation of forward signaling with ephrinB2-Fc through EphB4 markedly enhanced OB differentiation in OBs derived from MVNP, but not WT, mice (Figure 3, A and B) . Further, forward signaling marrow microenvironment (27) . However, unlike PD, in which IGF1 appears to increase bone formation, IGF1 produced by OCLs in myeloma does not increase bone formation, because myeloma cells also produce OB inhibitors. The amount of IGF1 induced by MVNP-expressing OCLs is considerable. Assays of conditioned media from OCL cultures from MVNP and WT mice showed that the nanogramper-milliliter quantities of IGF1 were produced by the MVNPexpressing OCLs and that MVNP-expressing OCLs had the highest production of IGF compared with that found in p62-KI or WT mice ( Figure 5, D and E) . These results suggest that OCLs, rather than OBs, are the major producers of local IGF1 in PD. IGF1 has recently been reported to be essential for normal bone mineralization. OB-specific KO of the IGF1R resulted in a striking decrease in cancellous bone volume, connectivity, and trabecular number and an increase in trabecular spacing (28) , suggesting an important role for IGF1 in normal bone formation (29) . Our findings suggest that OCL-derived IGF1 may also play an important role in the pathologic, rapid new bone formation that occurs in PD, since IGF1 increased expression of ephrinB2 on OCLs and increased OB differentiation. These data suggest that increased IGF1 expression and upregulation of ephrinB2 and EphB4 induced by MVNP may drive the enhanced bone formation seen in PD and that OBs from patients with PD may have increased responsivity to IGF1.
To further dissect the role of IL-6 in mediating the increase in ephrinB2 on OCLs, we treated WT OCLs with 10 ng/ml IL-6 in vitro to determine whether ephrinB2 or IGF1 was upregulated. IL-6 enhanced the expression of both ephrinB2 ( Figure 4E ) and IGF1 ( Figure 6A ). These results demonstrate that IL-6 regulates ephrinB2 and IGF1 in OCLs.
We then determined whether IGF1 induced by IL-6 is responsible for the increase in ephrinB2 and EphB4 in MVNP mice. IGF1 increased ephrinB2 on OCLs and Runx2 in OBs ( Figure 5F and I), and ephrinB2 was decreased by anti-IGF1 Ab in MVNPexpressing OCLs ( Figure 5G ). Our findings demonstrate that IGF1 induced by IL-6 increases ephrinB2 on OCLs from MVNP mice and that OCLs express the IGF1R ( Figure 5H ). Consistent with our results, Wang et al. reported that mice lacking the IGF1R in their OCLs have decreased ephrinB2 levels (30). However, their experiments did not address whether IGF1 is expressed in OCLs through EphB4 enhanced ERK1/2 signaling and osterix expression ( Figure 3A) , both of which have been shown to mediate EphB4 signaling in OBs to increase bone mass in transgenic mice (15) .
We then measured the effects of stimulating reverse signaling through ephrinB2 with varying concentrations of EphB4-Fc on the differentiation of OCL precursors from MVNP and WT mice and in cocultures of OCLs and OBs. As expected, EphB4-Fc blocked OB differentiation ( Figure 3C ) and suppressed OCL differentiation by inhibiting the c-Fos/NFATc1 cascade (Figure 3 , D-F), as reported in other models (16) . Interestingly, EphB4-Fc treatment also decreased IL-6 and IGF1 expression in these cocultures. These data support the hypothesis that increased ephrinB2/ EphB4 signaling induced by MVNP in OCLs plays a major role in coupling between bone resorption and new bone formation in PD and that suppressing OCL differentiation by inducing reverse signaling through ephrinB2 decreases the enhanced IL-6 and IGF1 production induced by MVNP expressions in OCLs.
We next determined the mechanisms responsible for the increased expression of ephrinB2 and EphB4 in MVNP mice. We found that loss of IL-6 expression in MVNP mice, which blocks induction of pagetic-like OCLs and pagetic-like bone lesions (13) , also downregulated ephrinB2 expression on OCLs and EphB4 on OBs from MVNP mice (Figure 4, A-C) . Interestingly, our studies with TRACP-IL-6 mice, which do not develop pagetic lesions or increased bone formation in vivo or pagetic OCLs in vitro (26) , showed that ephrinB2 is increased on OCLs from these mice. These results suggest that IL-6 is necessary, but not sufficient, to induce increased OB activity in MVNP mice and that other factors induced by MVNP in addition to IL-6 are also required to increase OB activity in vivo.
To identify other factors contributing to the increased OB activity in MVNP mice, we performed a preliminary gene expression-profiling study of highly purified OCLs from MVNP, p62-KI, and WT mice and found that OCLs from MVNP mice express elevated levels of Igf1 mRNA, while OCLs from WT and p62-KI mice do not. We confirmed that IGF1 production at the protein level was increased in MVNP-expressing OCLs in vitro and in vivo ( Figure 5 , A-C). Moreaux et al. have also recently reported IGF1 production by OCLs in patients with myeloma, who, like PD patients, have increased IL-6 production in the induced by IL-6 in turn upregulates ephrinB2 and increases OB differentiation. These experiments provided important new insights into the regulation of OB activity by OCLs and the mechanisms responsible for the induction of coupling factors in OCLs and OBs in PD. These results further suggest that enhanced coupling factor expression and increased IGF1 production by pagetic OCLs are major contributors to the rapid bone formation that occurs in PD.
Methods
Abs and reagents. Abs used for detection of ephrinA2, ephrinB1, ephrinB2, EphA2, EphB3, EphB4, IGF1, IGF1R, MVNP, osterix, Vav3, and β-actin on Western blots were purchased from Abcam, and Runx2, NFATc-1, c-Fos, TRACP, cathepsin K, TRAF6, IL-6, and semaphorin 3A Abs were purchased from Santa Cruz Biotechnology Inc. Antiosteocalcin was purchased from EMD Millipore. Neutralizing Abs against IGF1, blocking Abs against IGF1R, EphB4-Fc, ephrinB2-Fc, and control IgG-Fc Abs were purchased from R&D Systems. Abs recognizor whether OCL-derived IGF1 induces ephrinB2 on OCLs. Our results demonstrate that IGF1 is expressed by OCLs containing MVNP and induces ephrinB2. The finding that there is still residual ephrinB2 expression in MVNP-expressing OCLs treated with high levels of anti-IGF1 ( Figure 5C ) suggests that an additional factor induced by MVNP may also contribute to the increase in ephrinB2 expression. Our results suggest that IGF1 produced by OCLs is also required for the enhanced bone formation seen in PD. As shown in Figure 7D , coculture of OCLs from MVNP or WT mice with OB precursors from WT mice in the presence of saturating concentrations of anti-IGF1 or anti-IGF1R demonstrated that both anti-IGF1 and anti-IGF1R blocked the enhanced OB differentiation induced by MVNP-expressing OCLs ( Figure 7B ).
In summary, MVNP expression in OCLs from MVNP mice and PD patients increases IL-6 production, which upregulates expression of ephrinB2 and IGF1 in OCLs and EphB4 in OBs. IGF1 / well) derived from cultures of MVNP or WT mouse OCL precursors were scraped with a rubber policeman as described above, replated, and cultured with 50 ng/ml RANKL overnight. The OBs (1 × 10 5 /well) described above were plated on top of the OCLs the next day, and the cells were cocultured for 72 hours (Supplemental Figure 4) . IGF1 ELISA assays. Mouse OCLs were isolated as described above (2 × 10 4 /ml) and cultured with RANKL for 4 days. Conditioned media from these cultures were harvested at the end of the culture period and the concentration of IGF1 determined using an ELISA kit for mouse IGF1 (Abcam) according to the manufacturer's instructions.
IHC analyses. The first to fourth lumbar vertebrae from 12-month-old WT and transgenic mice were fixed in 10% buffered formalin and completely decalcified in 10% EDTA at 4°C and embedded in paraffin. Five-micrometer longitudinal sections were cut and mounted on glass slides. Deparaffinized sections were treated with 1% horse serum for 1 hour, followed by primary Abs against ephrinB2 and EphB4 (both from Abcam) or control IgG. The sections were incubated overnight and then stained with anti-rabbit IgG conjugated to peroxidase (Vector Laboratories).
Isolation and culture of primary OBs. After flushing the bone marrow from tibiae of MVNP and WT mice, the tibiae were cultured in αMEM containing 10% FCS for 7 to 10 days. The bones were then placed in 60-mm dishes, and the cultures were continued in αMEM containing 10% FCS until cells growing out of the bones formed a confluent monolayer. The original bone was removed, and the outgrowth cells from the bone were treated with 0.25% trypsin and 0.05% EDTA for 10 minutes at 37°C. These cells were used as primary OBs without further passage. The primary OBs (2 × 10 5 cells/ well in 6-well plates) were cultured in αMEM containing 10% FCS for 7 to 14 days. Cells were stained for ALP or alizarin red, or cell lysates were collected and analyzed for protein expression, as previously described (26) . Statistics. Significance was evaluated using a 2-tailed, unpaired Student's t test. When more than 2 treatment groups were compared, 1-way ANOVA for repeated measures was used. A P value of less than 0.05 was considered significant. ing p-AKT, AKT, p-ERK, ERK, OB-cadherin, and GAPDH on Western blots were purchased from Cell Signaling Technology. The PI3K inhibitor LY294002 was purchased from Sigma-Aldrich.
Patients and age-matched healthy controls. Heparinized peripheral blood (50 ml) was obtained by J.P. Brown from 3 patients with familial PD carrying the p62 P392L mutation and 2 age-matched controls, shipped at room temperature overnight, and nonadherent mononuclear cells (MNCs) were prepared as described previously (6) for OCL formation assays immediately after receipt. Nonadherent MNCs were then cultured with granulocyte-macrophage-CSF (GM-CSF) (10 ng/ml) αMEM containing 10% FCS for 7 days, and then the media were changed to αMEM containing 20% horse serum with RANKL (50 ng/ml) for 2 weeks as previously described (6) . OCLs were enriched and cell lysates assayed for protein expression as described below. The extent and clinical activity of PD were previously documented by bone scans, pelvic x-rays, and total alkaline phosphatase (ALP) measurements (13) . PD was similarly ruled out in the controls. Preparation of bone lysates for protein analysis. Tibiae and femurs were dissected from mice, frozen immediately in liquid nitrogen, and reduced to powder using a small mortar and pestle. Total proteins were extracted in lysis buffer overnight at 4°C, and 25 μg protein/lane was subjected to immunoblot analysis using the appropriate Abs as follows: lysates were run on precast SDS polyacrylamide gels, transferred to nitrocellulose membranes, the membranes stained with Ponceau S, and the membranes cut into strips on the basis of the molecular weight markers. The selected strips were incubated with blocking solution (5% nonfat dry milk in Trisbuffered saline/Tween-20 [TBST]) for 1 hour, exposed to primary Abs overnight at 4°C, and incubated with IgG HRP-conjugated Ab for 1 hour. The blots were washed and visualized by an Immobilon Western Chemiluminescence detection system (EMD Millipore). Protein expression levels were quantitated by densitometry using ImageJ software (NIH).
Generation of MVNP, p62-KI, p62-KI MVNP, MVNP Il6
-/-, and IL-6 mice. Transgenic mice expressing MVNP under the control of the mouse TRACP promoter were previously described (20) , as were KI mice carrying a proline-to-leucine substitution at residue 394 of the endogenous mouse SQSTM1/p62 gene (equivalent to human p62 P392L ) (12) . All data are from mice generated from this p62 P394L MVNP colony (not from the parental p62 P394L or MVNP colonies).
Global Il6 -/-mice were generated by Kopf et al. (31) and obtained from The Jackson Laboratory (stock 002650). Mice were interbred with MVNP mice as above. All data are from mice generated from this Il6 -/-MVNP colony (not from the parental colonies). Transgenic mice expressing IL-6 under control of the mouse TRACP promoter were previously described (26) . OCL formation from purified OCL precursors. Nonadherent marrow cells were harvested and enriched for CD11b + MNCs using the Miltenyi Biotec MACS magnetic cell-sorting system. OCL formation from CD11b + cells was then performed as described previously (13) 
